A comparison of picornavirus internal ribosome entry site (IRES) secondary structures revealed the existence of conserved motifs located on loops. We have carried out a mutational analysis to test their requirement for IRES-driven translation. The GUAA sequence, located in the aphthovirus 3A loop, did not tolerate substitutions that disrupt the GNRA motif. Interestingly, this motif was found at similar positions in all picornavirus IRESs, suggesting that it may form part of a tertiary-structure element. The RAAA tetranucleotide located in the 3B loop was conserved only in cardiovirus and aphthovirus. A mutational analysis of the RAAA motif revealed that activities of 3B loop mutants correlated with both the presence of a sequence close to CAAA at the new 3B loop and the absence of reorganization of the 3B and 3C stem-loops. In support of this conclusion, insertion of a large number of nucleotides close to the 3B loop, which was predicted to reorganize the 3B-3C stem-loop structure, led to defective IRES elements. We conclude that the aphthovirus IRES loops located at the most distal part of domain 3, which carries GNRA and RAAA motifs, are essential for IRES function.
Picornavirus RNAs contain long, highly structured 5Ј noncoding regions. Within the 5Ј noncoding regions, a segment of 450 nucleotides directs internal initiation of translation (16) . Based on phylogenetic covariation analysis and biochemical probing of secondary structures, two principal types of picornavirus internal ribosome entry sites (IRES) differing in sequence, structure, and the locations of conserved regions have been defined (11, 17) . Type 1 includes IRES of enteroviruses and rhinoviruses, and type 2 includes IRES of aphthoviruses and cardioviruses.
The structure of IRES elements is an inherent part of their ability to promote internal initiation of translation. Extensive sequence rearrangements observed in encephalomyocarditis virus (EMCV) and poliovirus phenotypic revertants selected in vivo lead to restoration of IRES function of severely defective mutants, concomitantly with structure restoration (9, 10, 14, 26) . Furthermore, site-directed mutagenesis carried out in vitro to restore the structure of a defective EMCV element gives rise to fully active IRES (18) . We have shown a direct involvement of the base of domain 3 in the activity of the foot-and-mouth disease virus (FMDV) IRES. Single or multiple mutations that did not affect the predicted helical structures modified the relative efficiency of translation by, at most, 10-fold. However, mutations predicted to destabilize the base of domain 3 were detrimental to IRES function, showing up to a 1,000-fold reduction in activity. Interestingly, subsequent restoration of the RNA secondary structure in the defective IRES mutants gave rise to fully competent IRES (22) .
Some of the strongest evidence for computer-predicted secondary structures is the phylogenetic conservation of compensatory substitutions among different isolates. For example, the FMDV IRES of isolates CS8-c1 and O 1 K (19, 23) differ by 44 nucleotides (7) . Of these substitutions, 41% are compensatory and 55% are located on loops and in the single-stranded region preceding the first functional AUG. Only two substitutions create a bulge in stem structures. The extent of primary sequence conservation among IRES of members of the same picornavirus family affects discrete groups of sequences, distributed in either stems or loops in the secondary structure (11, 17) .
Since invariant positions are often reminiscent of sequences involved in tertiary-structure folding (5), we have carried out a search for conserved motifs in picornavirus IRES secondary structures. Within domain 3, the larger domain of each IRES secondary structure, three loops containing highly conserved motifs were identified (Fig. 1) . The motif GNRA was found in similar positions in all picornavirus IRES secondary structures. Also, the sequence and position of the motif ACCC is conserved among FMDV, EMCV, and poliovirus. Conservation of these loops was noticed by Jackson and Kaminski (17) , whereas Hellen and Wimmer (11) pointed out that the conserved apical parts of type 2 IRES hairpins also appear to be present in some type 1 IRES. We have noticed another conserved motif, RAAA, in the most distal loop of domain 3 ( Fig.  1) which is shared by EMCV and FMDV, in addition to bulge A, which has been shown to be essential for IRES activity in EMCV (13) . Evidence inferred from the analysis of deletion mutants (6, 19, 30) suggested that the distal part of domain 3 is essential for IRES activity. Therefore, to assess the tolerance of IRES elements to nucleotide substitutions in loops potentially involved in RNA tertiary-structure folding, it was of interest to explore the effects of mutations at conserved motifs in promoting initiation of translation.
To this end, the IRES regions of the bicistronic constructs pBIC and pBIR (23) were subjected to PCR site-specific mutagenesis (22) , with oligonucleotides 5ЈCACGAGCTCAGCA GGTTTCC (sense) and 5ЈCCGAGCTCAGGGTCATTAATTG (antisense) as external primers. Boldface letters indicate nu-cleotides added to create a SacI restriction site (underlined). The sequences of loop 3A mutagenic oligonucleotides were 5ЈCTTGNNNNCAAGGAGGAGTTCCCAC, 5ЈGGTCCTTG VVBDCAAGGAGG, 5ЈCTTGTTADCAAGGAGGAGTTCC, 5ЈCTTGTTBCCAAGGAGGAGTTC, 5ЈCTTGTVACCAAG GAGGAGTTC, 5ЈCTTGVTACCAAGGAGGAGTTC, and 5ЈCTTGTCBCCAAGGAGGAGTTC. Primers for loop 3B were 5ЈGGGCGTGGNNNNNNGCCCCGTGGGT and 5ЈGG GCGTGGDVVVVGGCCCCGTG. All mutagenic primers were in the antisense orientation and were synthesized by Isogen Bioscience BV (Amsterdam, The Netherlands). The mutagenized products were inserted back into pBIC (23), upstream of the luciferase gene, to produce constructs described in Fig. 2 and Tables 1 and 2 . Prior to expression analysis, the nucleotide sequence of the entire length of each IRES under study was obtained. When transcription from the T7 promoter was desired, BHK-21 cell monolayers were infected with the vaccinia virus recombinant vTF7-3 (8) just before lipofectinmediated transfection. No difference in the relative efficiency of translation was observed when expression was directed by the thymidine kinase promoter or by the T7 promoter in concert with recombinant vTF7-3 infection (22, 23) . Expression of luciferase normalized to chloramphenicol acetyltransferase (CAT) was quantitated as the relative measure of IRES activity (23) . Luciferase and CAT assays were carried out as described previously (21, 23) . Experiments were performed with triplicate wells, and each experiment was repeated at least three times.
Disruption of the GNRA motif is deleterious for IRES function. To test whether the GUAA primary sequence of loop 3A (Fig. 1 ) was essential for IRES activity, aphthovirus IRES mutants with nucleotide substitutions on loop 3A were generated and assayed in transfected cells. The relative efficiency of translation of single substitutions at each of the four positions within the GUAA sequence, plotted in a logarithmic scale against the nucleotide substitution (Fig. 2) , revealed that the first, third, and fourth positions were essential for IRES function. Data shown in Fig. 2 clearly demonstrated that the G and last A were required as such, whereas the third position had to be a purine (R). The second position tolerated substitution of any nucleotide (N). Based on these results, we concluded that preservation of the GNRA motif is absolutely required for IRES activity. Indeed, double mutants designed to generate GNRA motifs other than the wild-type GUAA (Table 1) yielded active IRES whose average values of relative activity did not deviate from that of the wild-type control.
Next, we analyzed the effect of multiple nucleotide substitutions within the GUAA loop. The results, shown in Table 1 , indicated that only changes in the G, but not in the U, conferred a significant decrease in IRES efficiency. Accumulation of mutations did not decrease the activity much further, since all NNRA IRES mutants studied were about 10-fold less active than the control. Again, substitutions that eliminated the RA motif were highly detrimental, leading to inactive IRES. It is of interest that mutations at the third and fourth positions yielded defective elements as inactive as those carrying mutations at all four positions (compare data from the NNYY mutant class in Table 1 with Fig. 2) . Thus, the relative luciferase activities expressed from the bicistronic constructs corresponding to multiple substitution mutants were fully compatible with conclusions derived from the analysis of single substitutions in loop 3A. None of the substitution mutants studied generated changes in the predicted secondary structure of stem-loop 3A, although changes in the energy of the optimal structure were detected by the computer prediction program (data not shown).
To confirm the relevance of the nucleotide sequence at loop 3A, we have analyzed the effects of mutations on the 3A stem which did not alter substantially the structure of the 3A hairpin. In that respect, the relative efficiencies of six different mutants that contained a second mutation of G to A at position Ϫ276 (Fig. 1) were not significantly changed. The efficiency of the double mutants varied 0.8-to 2.7-fold relative to that of their single-mutation counterpart at each of the four positions within the GUAA sequence, irrespective of the activity of the single-substitution mutant. Similarly, insertion of a C residue at position Ϫ291 within the internal bulge of the 3A hairpin did not modify significantly IRES efficiency (1.25-fold). The neutral effect of mutations in the 3A hairpin, outside of the loop, emphasized the functional significance of the GNRA motif located at the 3A loop in IRES activity.
Our results of site-directed mutagenesis of the GNRA motif suggest a direct involvement of this loop in IRES activity. Interestingly, the GNRA motif is found at similar positions in all picornavirus IRES secondary structures available so far. This finding makes the GNRA loop a strong candidate for a tertiary-structure element, since invariant positions are often required for tertiary-structure folding (5) . Based on our results, the prediction is that GNRA motifs located in similar positions in other IRES elements may also affect internal initiation of translation activity. In agreement with this prediction, similar conclusions can be drawn from results obtained with the EMCV IRES GNRA motif (18a). GNRA tetraloops are relatively common in RNA molecules, perhaps because their ability to increase hairpin stability and/or their well-defined three-dimensional conformation is involved in structurefunction relationships (5, 12, 31) . GNRA motifs have been implicated in RNA-RNA interactions with a CCUAAG. . . UAUGG structural motif, which is involved in self-folding in self-splicing introns (4). A closely related structural motif, CCUCAAAG. . .CAAUGGGG (conserved nucleotides are underlined), that is predicted to contain a potential AA platform within an internal loop (3) is present in domain 2 of all known FMDV IRES. Given our results on the essential role that the GNRA motif plays in IRES activity and the conservation of a sequence that may act as a potential receptor, we hypothesize that the GNRA loop may contribute to IRES activity by stabilizing the 3A hairpin and/or by assisting in the self-folding properties of this type of structure. However, further studies are required to test this hypothesis.
Both sequence and structure of the 3B loop determine IRES activity. With the aim of analyzing the contribution of the RAAA motif located in the 3B loop (Fig. 1) to IRES activity, we carried out the mutational analysis summarized in Table 2 . Results of single, double, and triple substitutions at the 3B loop suggested that the primary sequence can be largely changed without leading to a significant decrease in activity. A progressive accumulation of four to six substitutions led to defective IRES, but contrary to the situation that we observed for the loop 3A mutants, a clear correlation between IRES activity and a given mutated sequence did not become apparent. Thus, to assess the importance of sequence and structure of the 3B loop to confer full IRES function, the activities of 3B c Mean reduction in IRES efficiency Ϯ the standard error of the mean, calculated as the relative luciferase activity, normalized to CAT activity in the same extract, of the wild-type construct divided by the corresponding relative activity of the mutant IRES. loop mutants were compared among groups of substitution mutants which did, or did not, modify the predicted secondary structure of the 3B loop. The group of active mutants had in common a sequence of 5 to 7 nucleotides at the new 3B loop with a motif very close to CAAA and were predicted to maintain the structure of the distal part of domain 3 ( Table 2) .
Within the inactive group, we have isolated two types of mutants. The first type is constituted by those IRES that changed the sequence at the new 3B loop without reorganizing their predicted structures. The second type is constituted by severely defective IRES-contained mutations that induced reorganizations of the 3B and 3C stem-loop. To illustrate the changes introduced in the 3B stem-loop structure, two examples of defective IRES molecules are shown in Fig. 3 . The structure of mutant GCUGA is very close to that of the wild type (Fig. 1) , whereas that of mutant CGCCC is largely modified on loops 3B and 3C. However, both mutants are equally inactive. The motif close to CAAA present in the group of active IRES was absent in the inactive mutant molecules, which, in turn, had higher proportions of pyrimidines at the new 3B loop (Table 2 ). In support of these results, mutations obtained in a mutant IRES molecule present in the plasmid pBIR (23) produced fully parallel results (data not shown).
Thus, the activities of RAAA loop mutants are associated with the absence of reorganization of the 3B and 3C stemloops and the presence of a sequence close to the CAAA motif at the new 3B loop. The results obtained with the mutants in the 3B loop indicate that they behaved in a way different from that of the mutants in the 3A loop, suggesting that the RAAA loop may not be contributing to IRES activity by the same mechanism as that of the GNRA loop. In fact, their behavior is compatible with two different possibilities. The first is that our results may reflect a modified binding capacity of the mutant structures for trans-acting factors, if the 3B loop acts as a recognition site for some component of the translation initiation machinery. RNA-protein interactions are involved in the mechanism of internal initiation of translation (2) . The polypyrimidine tract binding protein (p57 or PTB) and eukaryotic initiation factor 4B (eIF-4B) form a complex involving several FMDV IRES stem-loop structures (20, 24) , but none of them affects the distal region of domain 3. The second possibility takes into account that RNA-RNA interactions may mediate the contribution of the 3B loop to IRES activity. In this regard, canonical base pairing alone is not the most important force for folding and stabilizing RNA structures (29) , as documented for Rev RNA-RNA interaction (1) and for the tertiary structures of introns and ribozymes (3, 4, 27) .
During the course of PCR mutagenesis, some mutations that contained large insertions (21 to 29 nucleotides) at the 3B loop arose. Their relative activities were 2 to 3 orders of magnitude lower than that of the control IRES (Table 2) . Interestingly, the insertion mutants showed a reorganization of loops 3B and 3C similar to that of the CGCCC mutant (Fig. 3) . This result seems to differ from data reported for the EMCV IRES, where insertion of 125 nucleotides at the central part of stem 3 is neutral (30) . One likely explanation is that the site of insertion is critical for determining inactivation. In fact, deletion of 3 nucleotides in the EMCV IRES at a position equivalent to that of our 3A stem (close to the junction with stem 3B) is detrimental to activity (30) whereas a point mutation at position Ϫ268 (at the junction of the 3A and 3B stems) does not modify the relative activity of the wild-type FMDV IRES (22) . Results c For all the mutants, the entire IRES RNA (nucleotides Ϫ458 to Ϫ1) was folded with the M-fold program of the Genetics Computer Group package. d Constructs for which the predicted structure of the distal part of IRES domain 3 is shown in Fig. 3 .
reported here of additional mutations within the 3A hairpin are also indicative of the neutral effects of point mutations outside of the 3A loop. Therefore, the ability to accept mutations within the IRES structure and still remain functional depends upon the specific site. These findings fully agree with our conclusion that the RNA structure of the stem-loops located at the distal part of domain 3 should not be modified to retain IRES activity. The results presented here from experiments with a large collection of mutant molecules provide strong experimental evidence for the requirement of widely conserved motifs in IRES activity. Consistent with this conclusion, part of our results extend to the EMCV IRES (18a). Our observations will be instrumental in studying further the existence of a unified mechanism for picornavirus IRES function, in which the IRES tertiary structure provides the framework for cis-acting elements present in discrete units that should not be disassembled. Whether this mechanism will apply to other types of IRES molecules, such as hepatitis C (28) or cellular IRES (15), remains to be studied. 
